Abstract. The present study aims to estimate the residence-time of groundwater based on bomb-produced 36
Introduction
In Saudi Arabia, the citizens usually use the groundwater as a main source of washing-water in houses, cities as well as in farms. The wells that supply the AlZulfi province with groundwater may differ; these depend on the situation of wells and nature of their basins, and the surrounding sources that replenish them from the seasonal rainfall through surroundings, mountains and valleys. We have to know how long it will take for the recovery of these well resources to be accomplished. The Al-Zulfi province is situated at the bottom of a valley between two huge dunes of red sands of special composition. The Surroundings Mountains of this valley play major effects on replenishing its groundwater aquifer. Our objective in this work is to make a complete view of how long the age of groundwater in Al-Zulfi province. Making acquaintance with the isotopic of a selective isotope like 36 Cl/Cl ratios, which could be helpful in giving information about the groundwater age and its replenishing rate (Phillips et al., 2013) . Previously, 3 H/ 3 He ratios were used to determine the groundwater age. Since large quantities of 3 H were produced during atmospheric thermonuclear testing, 3 H concentrations in precipitation reached a peak around 1963, resulting in a bomb pulse in the hydrological cycle. Tritium ( 3 H) has been one of the most useful environmental tracers for the dating of modern groundwater (age ~25 years) (Gates, 2013 3 He and CFCs, especially, are extensively used in groundwater studies. Comparison of methods for the detection and extrapolation of trends in groundwater quality, due to (1) statistical methods, (2) groundwater dating, (3) transfer functions, and (4) deterministic modeling was carried out by (Visser Ate et al., 2009). However, due to the relatively short halflife of 3 H (12.33 years), the 3 H bomb pulse has been attenuated significantly through radioactive decay. This leads to a need for another tracer or dating method applicable in modern groundwater studies. As an alternative, the application of bomb-produced chlorine-36 ( 36 Cl) was proposed by Kurth et al (Kurth et al., 2011 ).
36
Cl is a long-lived radioisotope of chlorine with a half-life of (3.01×10 5 years) (Baskaran, 2011). Natural
Cl is mainly produced in the following resources ways: (i) rain-out of 36 Cl from cosmic-ray induced spallation of atmospheric 40 Ar.
(ii) Capture of secondary cosmic-ray neutrons by 35 Cl in seawater and cosmic-ray spallation of K, Ca. (iii) Runoff of 36 Cl produced in situ in the continental crust and mobilized by weathering. (iv) Capture of neutrons by oceanic 36 Cl during nuclear weapons testing in the 1950s and 1960s (Keywood et al., 1998) , Amongst these four sources, (1) cosmic-ray spallation in the atmosphere is the most natural source of 36 Cl in groundwater, in addition to significant amounts of 36 Cl which were produced by neutron activation of 35 Cl in seawater during thermonuclear testing on small islands or on barges, and this bomb- 36 Cl was injected into the atmosphere. The 36 Cl produced in the atmosphere is mixed with marine-derived stable chlorine (from sea spray) and falls onto the earth's surface, with the greatest fallout occurring at midlatitudes (Plummer et al., 1997) . Fallout of this bomb- 36 Cl has been preserved in ice cores; for example, the Dye-3 cores from Greenland (Lecavalier, 2013) , show a 36 Cl peak in the late 1950s (several years prior to the 3 H peak). The bomb-pulse 36 Cl is thought to have a latitudinal distribution with greatest deposition at mid-latitudes (Baskaran, 2011) . Chlorine is geochemically conservative in hydrological cycle because it has a high electron affinity and it exists primarily as Cl in the environment, except under low pH condition. This makes chlorine an ideal tracer in hydrology, and also makes sampling for 36 Cl very straightforward with these advantages and its long half-life.
The (Alvarado et al., 2005) , exceeded the estimates based on data from the Dye-3 ice core, Poland (DowgiałłO et al., 1990). The authors attributed this discrepancy to the storage and recycling of chlorine in the biosphere (Scheffel, 1999) . The
Cl fallout rates in Greenland, as reconstructed by Lecavalier (Lecavalier, 2013) , were consistent with Dye-3 fallout data, suggesting that the successful application of 36 Cl is dependent of the conditions of the study site. To the best of our knowledge very few studies have used 36 Cl to quantitatively estimate the residence time of young groundwater. Several researchers used this technique to measure the isotopic ratios 36 Cl/Cl and identify the age of media in fossil rat urine as (Plummer et al., 1997) . The main tool for analyzing these ratios is the Inductively Coupled Plasma Mass Spectrometry (ICP-MS) (Sturchio, 2009 ) and X-ray fluorescence (XRF) technique used for elemental analysis (Melquiades et al., 2013 Cl were previously used to reveal a one million year old groundwater in the Sahara (Plummer et al., 2012) .
Cl has been applied to the dating of very old groundwater in such regions as Atlantic Coastal Plain, Maryland, USA (Plummer et al., 2012 ) and the Nubian Aquifer of Egypt (Sturchio, 2004) . Although it has been applied 36 Cl studies to estimate recharge rates for the unsaturated zone (soil waters) (Phillips et al., 2013) , there are studies applying the 36 Cl bomb pulse to groundwater (Corcho Alvarado, 2013).
Hydrogeology and groundwater chemistry of the central region have been previously investigated (Abdulaaly Abdulrahman I., 1994) in which the groundwater of the region is characterized by high levels of (pH), (TDS), calcium, chloride, sodium, and sulfate. Some used numerical groundwater flow modeling to understand and to manage the resource properly. To evaluate the impact of groundwater withdrawals from wells on future groundwater levels under different groundwater pumping scenarios using numerical techniques (Al-Salamah, 2000), radon levels were measured in eight water supply municipalities of the Central Region of Saudi Arabia (Alabdulaaly, 1999 ). An assessment of trace metals in the raw and product waters of 8 water treatment plants in Riyadh, Buraydah and Unayzah (Saudi Arabia) were carried out by Alabdula'aly (Alabdulaaly, 1998) . The samples were analyzed by inductively coupled plasma spectrophotometer (ICP-MS) (Alabdulaaly, 1998) . King Abdulaziz City for Science and Technology (KACST) has initiated a program to study the mobile drinking water treatment plant (MDWTP) in the central region of Saudi Arabia (Alabdulaaly, 1994) . For the basin in the western part of Saudi Arabia (Wadi Yalamlam) (Subyani, 2006) , Subyani used the classical and refined chloride mass balance (CMB) approach. The modified (CMB) method takes into consideration additional statistical parameters, which are variances and the correlation coefficient between variables concerned based on the application of the perturbation method. This refined method provides the recharge rate of groundwater and estimates the future need or adequacy. Due to rapid and comprehensive developments during the last three decades in the social, industrial, agricultural and construction sectors in the Eastern Provinces in Saudi Arabia, expansion of agricultural areas and excessive use of irrigation water has resulted in the formation and continuous rise of a shallow water-table. The shallow groundwater has continued to rise with the expansion of the irrigated agriculture. Chemical analyses of water samples indicate that the shallow groundwater table is contaminated with high concentrations of salts in addition to trace elements (Abderrahman, 2000) .
Experimental procedures and calculation methods

Materials and methods
The study sites and groundwater sampling from Al-Zulfi province is a large polder (reclaimed land) area which is located in north central region Riyadh of Saudi Arabia. Coordinates of sampling points are located along the major groundwater flow direction presented in Table ( 1), at each point, groundwater samples were obtained from the well at outlet pipe that bring the water from the well directly. Seven aquifer wells were selected; all samples of volume (20 l) were stored in polyethylene bottles, was kept refrigerated at 4 qC until the results for Cl were received. This allowed calculation of the volume needed for 36 Cl analysis. Each sample was slowly evaporated in clean environment was needed, yielding a final volumes of 200 ml.
All samples for measurements of 36 Cl were passed through 0.45 Pm filters (JHWP04700, Millipore). The samples were then processed according to the preparation scheme shown in fig. (1) . Water samples containing ~10 mg of Cl were acidified with 10 ml of 13 M of HNO 3 . Chloride was then precipitated as silver chloride (AgCl) by adding excess AgNO 3 , and was separated by centrifugation. The AgCl precipitate was dissolved once in 3 M of NH 4 OH, and saturated Ba(NO 3 ) 2 solution was added to the solution. The solution was allowed to stand overnight in an oven at ~60 °C, to effectively precipitate SO 4 2− as BaSO 4 . This precipitate was removed by filtration with a 0.20 Pm membrane filter (25HP020AN, Advantec), and the filtrate was acidified by the addition of 13 M of HNO 3 to precipitate AgCl again. The Ag 36 Cl was then dissolved in the minimum volume of concentrated ammonia and diluting to 11 ml with water and added to 9 ml. ULTIMA Gold AB (part number 6013309).
Figure (1) The chemical separation and counting sequences for 36 Cl in water samples
Al-Zulfi is located at the north side of the Riyadh region, Al-Zulfi flows northward on the border between Riyadh and Qassim regions. Al-Zulfi is situated between to two huge mountains of duns that are called Al-Thuoyrat at the east and Al-Tweeq at the west in the whole city of Al-Zulfi and it belongs to villages surroundings settled in this valley. Groundwater samples will be obtained from selected wells; sampling points are located along the major groundwater well sites distributed in Al-Zulfi province. At each site, groundwater samples were obtained from different wells dispersed in in this site, water flow and velocities. The general features of the study area of groundwater samples from Al-Zulfi aquifers were collected along a SE-NW traverse in Al-Riyadh region. Al-Zulfi (sometimes said Az-Zulfi) is situated at 26.3° North latitude, 44.8° East longitude and 623 meters elevation above the sea level. Al Zulfi lies in the northern-central region of the Najd and to the south of the Sheayb Samnan (Samnan Valley), which is the longest valley in the Al-Zulfi province. It is surrounded by sand dunes to its north and west, which are known locally as the Al-Thoyr Sands. The Al-Sabalh woods are located to the north of the city. Next to Al-Zulfi is the Al-Kasar rain lake (or bohyrat Al-Kasar), which is considered an official part of the city. Al-Zulfi has three artificial lakes due to the problems of water salination. Al-Zulfi is noted for its many wells and fertile soils with many thousands of acres of land under cultivation. There are also coal reserves in the area, especially in the northeast near Qassim. The thickness of the deposits range from 5 to 50 meters and are spread over a vast area with some 66 coal mines discovered in the Qassim area in the early 1980s (Roy, 2006) . The surface lowering of the investigated area on average is about 30 m above sea level. The area lies mainly below the sea water level, consequently and the rain water is permanently infiltrates into the shallow aquifer. The aquifer consists of fine to medium sized sands and the thickness is about 2-3 mm on the average, along the cross down banks of the area and recharged by rain water infiltration only. Seven groundwater samples were obtained from wells area in September 2013. Cl. All samples were filtered through 0.20 Pm filter. The total Cl concentrations of aliquots were determined by (ICP-MS) (Hou et al., 2007) . LSC used for radioactive 36 Cl (Bruyere and Cadwallader, 2012) . Mass spectrometric measurements were performed using a double-focusing magnetic-sector field ICP-MS (Finnigan Element2, Bremen, Germany). Aqueous solutions were introduced into the ICP-MS with a SC-4 autosampler, an Apex nebulizing system connected to an ACM desolvator and a self-aspirating PFA-ST-nebulizer (all from Elemental Scientific Incorporation, Omaha, USA). The sample was first introduced to an argon plasma torch using a nebulizer spray chamber. The argon plasma transformed all constituents to ionized elements. The ions were passed through a vacuum interface, a focusing lens and into the quadrupole mass separator. The ions were focused onto a detector that counts individual events at a particular charge-to-mass ratio. Commercial instruments have the capability of scanning the mass range from 1 to 240 atomic mass units (amu) in a few tenths of a second and achieving detection limits in the 0.1 to 1 ppb range during that time. This technique has potential isobaric interferences, resulting from combinations of abundant ions in the mass spectrometer. An instance of isobaric interference comes from a combination of 35 Cl and 1 H as a combined ion yielding a signal at mass number 36.
1 H would come from the water matrix. Thus, an interference correction must be applied. Because of the isobar 36 S (natural abundance, 0.02%) strongly interferes with 36 Cl measurements, the chemical reduction of sulfur is of major importance in preparing AgCl samples. The removal of sulfur (in the form of SO 4 2− ) can be achieved by the precipitation of BaSO 4 , by differential elution from an anion exchange resin, or by absorption onto a cation exchange resin (in the form of BaSO 4 ). The main part of sample preparation, including sulfur reduction, was performed in an air-conditioned room to prevent additional sulfur contamination and was performed under dark conditions to avoid the photolytic decomposition of AgCl. The sample was purified by repeated precipitation of AgCl with HNO 3 and dissolution in NH 4 OH. To further exclude remaining impurities, the AgCl precipitate was washed with Milli-Q ultrapure water twice and with 99.5% C 2 H 5 OH twice using ultrasonic vibration. The overall chemical yield of chlorine was typically about 80%.
The LSC is well suited to detect the low energy beta particles emitted by tritium decay (Bruyere and Cadwallader, 2012) . In this work we are using the (PerkinElmer Tri-Carb 2910 TR) ultra-low-level liquid scintillation D/E spectrometer. Quenching effects of the measuring system were carefully examined and the results were corrected accordingly. The causes of quench, the types of quench, and the methods for quench correction have been widely studied (Chen and Lu, 2014) . In a chemical quench, chemicals with negative electron affinity (e.g. chlorinated solvents) capture electrons transferring between solvents and solutes, reducing the energy intensity or terminating the energy transfer. The consequence of chemical quench is a shift in the pulse spectrum of the LSC towards a lower energy range, resulting in decreased counts in a specific range of energy channels that have been set for optimal measurement conditions. Therefore, the counting windows must be adjusted to compensate for the pulse spectrum shift, and to reach optimal counting conditions (Gudelis et al., 2012) . Disintegrations per minute (DPM) is employed, and it is calculated with the formula given below: 
Where, CPM represents counts per minute, H represents the counting efficiency, I e represents emission intensity and D c represents decay correction. TriCarb ® is a state of-the-art liquid scintillation spectrometer that was described thoroughly by Tudyka and Pawlyta (Tudyka and Pawlyta, 2014) . Tri-Carb ® is a sophisticated liquid scintillation counting system for the measurement of a variety of low level radioactivity. The detector unit of Tri-Carb ® has two photomultiplier tubes facing the counting vial with liquid scintillation cocktail (Ultima Gold_AB) for detecting the weak scintillation pulses caused by the decay of 36 Cl nuclides. LSC analysis was carried out by directly mixing 11 ml of the prepared Ag 36 Cl samples solution as described above and the quenching agent with 9 mL of the commercial cocktail, using FeCl 3 (III) as quencher. The minimum detectable activity (MDA) was evaluated using the following equation:
Where, ‫ܮ‬ ௗ ‫)ݏݐ݊ݑܿ(‬ = 2.71 + ‫)ܶܤ(56.4‬ ି.ହ ; T represents counting time, B represents background count rate (s -1 ), H represents detection efficiency (~100%), and V represents sample volume (L). The LLD for gross E was 0.54 pCi/l for 500 min. of counting time, 11 ml of sample size, and 9 ml of cocktail. The calibration samples were prepared by adding the standard solutions (Na 36 Cl) reagent and the quenching agent to the scintillation cocktail in glass vials.
Estimates of Residence Time
To estimate the groundwater residence time based on bomb-produced 36 Cl, the measured 36 Cl/Cl ratios were converted to above-background (bomb-derived) 36 Cl concentrations (Cook, 2005) by (1) subtracting the background
36
Cl/Cl ratio from measured ratios, and multiplying by the Cl concentrations to derive the abovebackground 36 Cl concentrations (atoms/l). Reference 36 Cl data are also required to estimate the residence time. These data were obtained as follows: (1) In order to account for the effect of the Cl variation, we considered a twocomponent mixing process, assuming the Cl concentrations of the initial waters (i.e. before mixing) to be 27 mg/l. Extension of the mixing line through water infiltration that provides a Cl source along the path ended having a
Cl/Cl ratio of about (61 ± 4)×10 13 and an assumed Cl concentration of 92.05 mg/l. We calculated the initial 36 Cl/Cl ratio for each sample. After accounting for the effect of chloride concentration variation, the 36 Cl/Cl ratios were converted into Cl fallout rates by using the mass balance equation below (Cook, 2000 
We can rewrite Eq. (6) to solve for T as follows:
We can estimate elapsed time T from the groundwater flow velocity and position on the flow path. If we assume that groundwater flows with a constant velocity V from the recharge zone to the discharge point (sampling water wells) along the flow path, we can derive the elapsed time as T = L/V, where L is the distance along the selected flow paths. We can then rewrite Eq. (8) 
Fig . (2) shows the data set of L vs. f, from which we could estimate from the slope of the resulting line a constant velocity V(m/y) of underway water from recharge zones to discharge area along the flow path. The residence time derivation along the flow path could be extracted using Eq. (9). We extrapolate groundwater velocity V by correlating parameters of 36 Cl/Cl ratio and Cl concentration and flow distance L along the flow lines to the groundwater samples, as listed in Table ( Cl data for the municipal water, and groundwater wells samples. The Cl concentration increases from ~27.0 mg/l to ~92.05 mg/l with distance from the Al-Zulfi. One possible cause of the increase is mixing between the infiltrating of the surface water and groundwater. Although the unconfined aquifer is essentially an underway flow down of about 37 m, the groundwater is recharged to some extent by infiltration through the unsaturated zone by 115-150 mm/year. The Cl concentration in the infiltrating water would be 0.93-3.18 mg/l. These values were calculated from 434 mm of mean annual precipitation (Scheffel, 1999) with 0.34-1.1 mg/l of Cl concentration . The mixing rate of the infiltrating water would be 74-65%, when the infiltration is responsible for all of the reduction in Cl due to raising of mean annual recharge rate. However, the mean annual recharge rate 115-150 mm/year is considerable compared to the thickness of the aquifer ~30 m and wide spread of surrounding dunes that collect the infiltrating rains, accordingly. The mixing of 74-65% of the infiltrating water should have occurred. Other phenomena such as the changes due to evaporation rate may have caused the variation in Cl concentration of the Al-Zulfi. This kind of variation has no effect on 36 Cl/Cl ratio. The possible mixing rate of the infiltrating water would be ~35% as calculated from 70 mm/year of recharge rate for 25 years and 37 m of the thickness of the aquifer. In this case, Cl derived from the infiltrating water is only 0.8-3% of total Cl in the groundwater (Scheffel, 1999) . This contribution would not cause serious effect to the original 36 Cl/Cl ratio. Therefore, any influence of the Cl concentration variations on the 36 Cl/Cl ratios of groundwater samples does not appear to be a significant driver of the observed variations of the 36 Cl/Cl ratios of the eight samples.
Results and discussion
To allow comparison of these data to the fallout history of bomb-1 produced
36
Cl, the
Cl/Cl ratios of the Al-Zulfi samples were converted into fallout values using the following equation (Quevauviller, 2010 ), P is the mean annual precipitation (mm), and C p is the Cl concentration in the precipitation (mg/l). The mean annual precipitation (P) was assumed to be 150 mm. The estimated fallout values from Al-Zulfi samples and measured fallout values at Dye-3 (Baskaran, 2011) are plotted together in Fig. (3) . The ages assigned to the Al-Zulfi groundwater samples are from the 36 Cl/Cl ratio ages table (2) using 2014 as year zero. In fig. (3) the estimated 36 Cl fallout rates are compared with the Dye-3 data and mid-latitude background data (Baskaran, 2011; Massmann, 2003) . According to fig. (3) ), which was taken at a distance of ~35 km from the Al-Zulfi does not belong to the peak 36 Cl/Cl ratio value. The raise in the 36 Cl/Cl ratios are due to Different processes acting on the groundwater 36 Cl/Cl ratios, these four parameters will affect differently. Thus, evapo-transpiration will increase both chloride and 36 Cl concentrations, but will have no effect on the 36 Cl/Cl ratio. Cl concentrations may also occur. A special case of mixing is the addition of dead chloride from formation salts within the aquifer or from the rock matrix itself. Mixing can also be treated, provided that the end-members can be identified and characterized. The estimated residence times of these groundwater samples fell within the range of (1.57-9.42)×10 4 years. Fig. (4) shows the 36 Cl/Cl ratios plotted against the distance from the Al-Zulfi. Although the 36 Cl/Cl ratios of Al-Zulfi samples do not capture the most diagnostic portion of the 36 Cl fallout pulse, the results clearly suggest that the distribution of 36 Cl in the Al-Zulfi groundwater corresponds to prebomb pulse. Fig. (5) shows the initial variations in Cl concentrations with distance from the Al-Zulfi (i.e., along the major groundwater flow direction). 
Conclusions
In this study, 36 Cl/Cl distribution was investigated in groundwater aquifers in AlZulfi, Al-Riyadh, Saudi Arabia. Cl-based residence times is basically consistent with the estimated residence times from extrapolated velocity. The relatively low derived fallout rate of Al-Zulfi groundwater samples in comparison to measured 36 Cl fallout values from Dye-3 ice core reflect the agreement and it was very close to minlatitude base line. We estimated groundwater flow velocity for the regional groundwater flow paths based on 36 Cl-dated water samples and their distance from the recharge area along the flow paths. The estimated residence times confirm that this groundwater is isolated from running water or lakes or watersheds, etc., of renewable water at short intervals and that this water is formed on long periods during which it largely accumulated. It must be that there is a balance between groundwater consumption rate and the rate of groundwater accumulation. Groundwater in Al-Zulfi does not contain radioactive bomb pulse that recorded and belongs to the era before 1950, and it is clear that groundwater belongs to the era before the experimental test activities, i.e. pre-1950's to 1960's AD.
Finally, we can extend this method by utilizing
36
Cl in such studies, which requires spatially extended sampling in order to map out the 36 Cl bomb pulse in the regional groundwater. Because of its geochemical behaviour,
Cl can be utilized in studying both unsaturated and saturated zones.
Cl is used in extensive research to review the volume of fresh water added annually to the groundwater, to make periodically and estimate the total volume of groundwater. In the nearest future we may expand investigation by studying spatial distribution of groundwater wells, and intense sampling on different depths, so as to add new measured factors to form a complete picture about groundwater flow pathways that describe patterns of Al-Zulfi carrying basin, and to know the extent which these pathways contact, infiltrate, and mix. 
